The cysteine proteinase cathepsin B is one member of the lysosomal acid hydrolases. Based on the peptide sequence of rat liver cathepsin B, an oligonudeotide mixture containing 128 different 17-mers was synthesized and used as a probe to screen adult and fetal human liver cDNA libraries. A recombinant clone with a 1540-nucleotide insert was identified from the fetal library, and DNA sequence analysis confirmed that this done encodes human cathepsin B. The clone, designated pCB-1, has sequences for 81% of the coding region (for amino acid residues 50-252) together with w880 nucleotides of the 3' untranslated region of the mRNA. The DNA sequence also shows that the predicted carboxyl terminus of the coding sequence is longer than the mature protein by 6 amino acid residues. Southern blot analysis of restriction enzyme digests of human placental DNA revealed a simple pattern of hybridizing fragments using the cathepsin B coding sequence as probe. The result suggests that there is a single copy of cathepsin B gene per haploid genome.
Proteinases are present in all forms of living organisms. The events of general and limited proteolyses have been attributed to actions of these enzymes. In general proteolysis, proteinases digest nutrient proteins and participate in the turnover of cellular proteins, whereas in limited proteolysis, proteinases modify substrate proteins and alter the properties and physiological functions of these proteins. Thus, limited proteolysis can play regulatory roles during cell growth and differentiation (1, 2) .
Based on the amino acid residues at their active sites, proteinases are classified into serine, cysteine, aspartate, and metalloproteinases. Members of the cysteine proteinase family have wide phylogenetic distribution, and examples include papain from the papaya plant and cathepsin B from mammalian tissues. Cathepsin B is a lysosomal enzyme that is functional during intracellular protein catabolism and may also be involved in the proteolytic processing of protein precursors such as proinsulin (3) (4) (5) . Cathepsin B has been implicated in several disease states including muscular dystrophy (6) , rheumatoid arthritis (7), and tumor metastasis (8) (9) (10) (11) . We and others have demonstrated that cathepsin B-like proteinases may also be involved during differentiation of the cellular slime mold Dictyostelium discoideum (12, 13) .
To further investigate the role of cathepsin B in cellular functions, we have selected the molecular genetic approach. Here we report our results on the isolation and characterization of a cDNA clone for human cathepsin B.
MATERIALS AND METHODS Synthesis of Oligodeoxyribonucleotides. A mixture of 17-nucleotide-long oligonucleotides encoding a portion of the rat liver cathepsin B protein sequence was synthesized by using a solid-phase phosphotriester method (14, 15) . For amino acids specified by more than one codon, all possible nucleotides were inserted at the ambiguous positions. The synthesis was performed with a Vega Model 280 Automated Polynucleotide Synthesizer by a series of additions of dimers or dimer mixtures. After chemical synthesis, the oligonucleotide mixture was purified by high-performance liquid chromatography. These procedures were done with the assistance of David H. L. Bishop (University of Alabama at Birmingham Cancer Center Oligonucleotide Synthesis Core Facility).
Colony Screening with Oligonucleotides. The oligonucleotides were used to probe fetal and adult human liver cDNA libraries, kindly provided by Stuart H. Orkin (Harvard Medical School). The libraries were constructed by cloning the double-stranded cDNA into the Pst I site of plasmid pKT218 with GC homopolymer tailing (16, 17) . High-density colony screening was performed (18) with a total of 50,000 colonies per nitrocellulose filter (127-mm Millipore Tritonfree HATF) and four filters per library. Bacterial colonies were grown on the nitrocellulose filter placed in doublestrength yeast extract/tryptone medium (2YT) containing tetracycline. Replica filters were made and placed on chloramphenicol plates for plasmid amplification. The replica colonies were lysed and the DNA was denatured and fixed onto the filters by baking 2 hr in a vacuum oven at 80'C (19) . The nitrocellulose filters containing lysed bacterial colonies were washed for 0.5 hr at 650C in a solution of 0.5% NaDodSO4/0.1x standard saline citrate (NaCl/Cit; lx is 0.15 M NaCl/0.015 M sodium citrate). Prehybridization was done at 650C for 1 hr and then at 370C for 1 hr in a solution of 0.5% NaDodSO4/5 x Denhardt's solution (lx Denhardt's solution is 0.02% bovine serum albumin/0.02% Ficoll/0.02% polyvinylpyrrolidone)/2x SSPE (lx SSPE is 0.18 M NaCl/ 10 mM NaH2PO4, pH 7.4/1 mM EDTA). Hybridization was performed at 370C for 12-18 hr by the addition of 32P-labeled oligonucleotides to fresh prehybridization solution at 1 x 106 cpm/ml. The oligonucleotides were 5'-end labeled by using [-32P]ATP and T4 polynucleotide kinase (Bethesda Research Laboratories) at 20 units of enzyme to 100 pM oligonucleotides. After hybridization, the filters were washed at 370C with several changes of 6x NaCl/Cit and exposed to x-ray films between two intensifier screens. The same filters were again washed in 6x NaCl/Cit at 450C and re-exposed to films (20) .
Isolation and Characterization of Plasmid DNA. After autoradiography, bacterial colonies that corresponded to positive signals on the x-ray films were isolated and rescreened with the labeled oligonucleotide probes. Plasmid DNA was extracted from bacterial colonies by using an alkaline lysis procedure (21) and purified by CsCl/ethidium bromide density-gradient centrifugation (19) . A restriction Abbreviation: kb, kilobase(s).
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Sequence Analysis of Cathepsn B cDNA Clone. For DNA sequencing, purified pCB-1 plasmid DNA was first cut with one restriction enzyme, then treated with calf intestine alkaline phosphatase, end-labeled with T4 polynucleotide kinase, and restricted again with a second enzyme. The DNA fragments were separated in a 5% acrylamide gel and individual fragments were eluted for sequencing (23) . In some cases, it was necessary to first isolate the fiagments of interest by gel elution before end-labeling. Both regular and modified Maxam and Gilbert chemical cleavage methods were performed (24) . In addition, for the 5'-terminal Pst I fragment, end-labeling with dideoxyadenosine-5'-[a-32P]triphosphate was done using terminal deoxynucleotidyl transferase (25) .
Blot Hybridization Analysis of Human Genomic DNA. Restriction enzyme digests of human placental DNA (a generous gift from Peter W. Melera, Sloan-Kettering Institute) were subjected to electrophoresis through 0.8% agarose gel and transferred to nitrocellulose filters by the method of Southern (26) , and hybridized with nick-translated Pst/Eco insert fragment from the clone pCB-1 (27 room temperature (2x NaCl/Cit with 0.5% NaDodSO4) and 680C (0.lx NaCl/Cit with 0.5% NaDodSO4).
RESULTS Screening Colonies with a Mixed Oligonucleotide Probe. Takio et al. (28) had reported that rat liver cathepsin B is composed of two polypeptide chains of molecular weights 25,000 and 5000 and that these chains are linked by disulfide bonds. Based on their partial amino acid sequence, a region corresponding to heavy chain residues 22-27 was selected for oligonucleotide synthesis. These residues are completely homologous to the plant proteinase papain. This choice was made because we planned to screen a human cDNA library using a probe derived from the rat amino acid sequence data. By selecting a region common to various cysteine proteinases, the chances of finding a human cathepsin B or related proteinase genes would be higher. However, after the completion of oligonucleotide synthesis, the complete cathepsin B protein sequence of rat liver was published by Takio et al. (29) . The sequence revealed that the synthesized oligonucleotides really correspond to amino acid residues 69-74. Furthermore, because ofcodon ambiguity, the 17-nucleotidelong mixture has 128 different members (Fig. 1) .
The 32P-labeled oligonucleotides were used directly as in situ hybridization probes against replica filters containing lysed colonies of both fetal and adult human liver cDNA libraries. In an initial screening, =18 spots from the fetal library and 16 from the adult library exhibited hybridization after washing in 6x NaCl/Cit at 45cC. hybridization signal after the procedures described above and thus was selected for further study. This clone was found to have a cathepsin B cDNA insert and has been designated pCB-1. (The clone corresponds to the strong hybridization spot shown in Fig. 2.) Identification of a Human Cathepsin B cDNA Clone. Based on the published information on pKT218 and using pBR322 as a control, the pCB-1 plasmid DNA was analyzed by restriction enzyme digestion, Southern blotting, and hybridization to labeled oligonucleotide probes. Digestion with Pst I revealed a single insert of 1540 nucleotides. The insert was also found to have one EcoRI site, and labeled oligonucleotide probe hybridized to the 5' or left fragment of the two EcoRI fragments. A restriction map of the insert is shown in Fig. 3 .
DNA sequence analysis was performed for the coding region of the pCB-1 insert by using the Maxam and Gilbert chemical method. The various restriction sites that were used for end-labeling are shown in Fig. 3 , and the nucleotide sequence of the coding region is presented in Fig. 4 . The sequence of pCB-1 begins at residue 50 in the amino acid sequence and extends =880 nucleotides into the 3' untranslated region. Compared with the published amino acid sequence ofhuman liver cathepsin B by Ritonja et al. (31) , the predicted 203 residues are identical except for one difference: asparagine instead of aspartate at position 147. Furthermore, the nucleotide sequence also discloses the presence of six additional amino acid residues at the carboxyl terminus in comparison with the published cathepsin B sequence. Such a six-residue extension was first reported for the rat liver 
DISCUSSION
In the present study, we report the isolation of a cDNA clone for human cathepsin B from a human fetal liver cDNA library. Both fetal and adult human liver were screened because mammalian livers have traditionally been a source for the purification of the cathepsin B enzyme (28, 31, 33) . The probe was an oligonucleotide mixture composed of 128 different 17-mers that correspond to amino acid residues 69-74 of rat liver cathepsin B. This probe was selected because it had been demonstrated previously that 23-mers with 384 different members were successful in screening for the complement C4 protein clones (34) . Although we were successful in finding the human liver cathepsin B plasmid pCB-1, there are alternative approaches. Instead of an oligonucleotide mixture, deoxyinosine can be placed as substitutes at ambiguous codon positions (35) , or a single longer "optimal" probe can be made based on codon utilization frequency (36) . We have used a washing temperature that was derived from the calculated dissociation temperature of the oligonucleotide mixture (30) . However, hybridization independent of base composition can be achieved, provided that tetramethylammonium chloride is included in the wash solution (37) .
Recently, San Segundo et al. (32) isolated two rat liver cathepsin B cDNA clones from a rat liver cDNA library constructed in Xgtll. These investigators reported no success with short oligonucleotide mixtures of 14-mers and 17-mers, and they had to synthesize longer probes of 50-mer and 54-mer for their screening. In contrast, we used an oligonucleotide mixture, a 17-mer with 128 members, for our experiments.
Both the data of San Segundo et al. (32) and ours show that rat and human cathepsin B have a six-residue carboxylterminal extension, respectively. It is interesting to note that Faust et al. (38) found that human cathepsin D, an aspartic proteinase, also has a two-residue extension at the carboxyl terminus by DNA sequencing. Thus both cathepsins B and D seem to undergo carboxyl-terminal post-translational modifications. Indeed, such proteolytic processing during cathepsin D biosynthesis in porcine kidney cells has been reported by Erickson and Blobel (39) .
Results presented here and those of others (29, 31, 32 ) lead one to conclude that human and rat liver cathepsin B are very similar, at both the protein and the nucleotide level. Both proteins are 252 residues long and contain only 41 different residues (31). Furthermore, Kirschke et al. (40) reported that there are almost no species differences in the catalytic properties of rat, bovine, and human cathepsin B, and that a comparison of the substrate specificity of cathepsin B from the three species also showed no major difference. In summary, cathepsin B must be well conserved among the mammalian species.
Cathepsin B is known to have isozymes (41) . For example, a minor cathepsin B isozyme with a different carbohydrate side chain, and at least one different amino acid residue (serine instead of cysteine at position 117) has been reported for porcine spleen (42) . The recently selected cathepsin B cDNA clones may be useful as probes for determining the different cathepsin B isozyme species.
Cathepsin B has been implicated in tumor metastasis (8) (9) (10) (11) . However, there is controversy as to whether the tumor-associated cathepsin B-like proteinase is just a high molecular weight latent cathepsin B (43) or is a related enzyme derived from a different gene locus (44) . With the cathepsin B cDNA probes on hand, this problem can be addressed.
In addition to cathepsin B, mammalian tissues have other cysteine proteinases. Examples include the low molecular weight cathepsin B-like enzymes, cathepsins H, L, and S (40, 45) , and the high molecular weight cysteine proteinases, cathepsins J and K (46) . The available cathepsin B probes may be useful in screening for recombinant clones containing these other cysteine proteinases.
In addition to the isolation of the rat (32) and human liver cathepsin B cDNA clones, several reports of the isolation of other cysteine proteinase clones have been made recently. Gay The study of cathepsin B and other cysteine proteinases by the molecular genetic approach will be useful in investigating the regulation of proteinase gene expression during cell growth and differentiation and during cellular pathological states. Isolation of cathepsin B cDNA clones is a first step toward this goal.
